We assessed the degree of population subdivision among global populations of green sea turtles, Chelonia mydas, using four microsatellite loci. Previously, a single-copy nuclear DNA study indicated significant malemediated gene flow among populations alternately fixed for different mitochondrial DNA haplotypes and that genetic divergence between populations in the Atlantic and Pacific Oceans was more common than subdivisions among populations within ocean basins. Even so, overall levels of variation at single-copy loci were low and inferences were limited. Here, the markedly more variable microsatellite loci confirm the presence of male-mediated gene flow among populations within ocean basins. This analysis generally confirms the genetic divergence between the Atlantic and Pacific. As with the previous study, phylogenetic analyses of genetic distances based on the microsatellite loci indicate a close genetic relationship among eastern Atlantic and Indian Ocean populations. Unlike the single-copy study, however, the results here cannot be attributed to an artifact of general low variability and likely represent recent or ongoing migration between ocean basins. Sequence analyses of regions flanking the microsatellite repeat reveal considerable amounts of cryptic variation and homoplasy and significantly aid in our understanding of population connectivity. Assessment of the allele frequency distributions indicates that at least some of the loci may not be evolving by the stepwise mutation model.
T HE ability to identify and define evolutionarily sigSeveral studies of the green sea turtle (Chelonia mydas) have attempted to elucidate population subdivision in nificant units (ESUs), or populations on independent evolutionary trajectories, is necessary in various this globally distributed endangered species. Determining which populations are connected and particularly aspects of biology ranging from ecology and conservation to population genetics (Waples 1995) . Regardless the strength of those connections has proven to be a challenging task. After leaving their natal beach, sea of the ongoing debate concerning the relative importance of preserving neutral genetic or adaptive variation turtles are rarely seen again until they return to near shore foraging grounds as juveniles some years later, (Crandall et al. 2000; Moritz 2002 ), a clear understanding of population connectivity is critical to proper resulting in what Carr (1967) termed the "lost year." After reaching maturity, females are known to return management strategies. A variety of molecular genetic to the same beach in successive nesting attempts with markers allows for the detection of various levels of amazing accuracy and regularity (Carr and Ogren subdivision among populations and the tracking of the 1960; Limpus et al. 1984; Johnson and Ehrhart 1994) . historical movements and interactions of individuals How this fidelity is established, however, was unknown. within and among populations. Six of the seven species Carr (1967) suggested "natal homing" as the underlyof marine turtles are considered under the Endangered ing mechanism whereby females were actually returning Species Act to be either threatened or endangered. The to their natal beach after potentially several decades at primary reason for this is believed to be human impact sea. Alternatively, the "social facilitation" model pre- (Pritchard 1997 ). Conservation of marine turtle spedicted that the close social contact between groups of cies exemplifies the importance of our ability to define turtles provides an opportunity for inter-rookery exESUs and populations and to understand how they are change of females. In this model, naive females accomrelated through gene flow.
pany experienced females to nesting beaches regardless of the natal beach of origin (Hendrickson 1958; Owens et al. 1982) . Studies based on tag return data indicate among green sea turtle nesting beaches. Bowen et al. tion for the populations to accumulate differences at the scnDNA loci. A biparentally inherited gene that (1992) found an extreme example of this relationship in turtle populations from Suriname and Ascension Island, evolves at least as rapidly as mtDNA would be better able to differentiate recent population subdivision from whose rookeries share feeding grounds along the coast of Brazil. Here, the two nesting populations were fixed ongoing male-mediated gene flow. Loci containing simple-sequence repeats (i.e., microsatellites) have proven for different mitochondrial haplotypes, providing strong support for the natal homing hypothesis. Several to be powerful tools in population genetics primarily because they evolve rapidly, are found throughout the other studies also have used mtDNA data to elucidate population subdivision in green turtles and other manuclear genome, generally have several alleles per locus, and are typically inherited in a codominant, Mendelian rine turtle species (Bass et al. 1996; Encalada et al. 1996; Bowen et al. 1997; Dutton et al. 1999) . In general, fashion ( Jarne and Lagoda 1996) . This study is a global evaluation of 337 individuals these studies have revealed a significant level of population subdivision on both regional and global scales. Befrom 16 populations using four microsatellite markers originally developed by Fitzsimmons et al. (1995) . A cause of its maternally inherited nature, however, mtDNA is capable of providing information only on subset of the samples in this study was used by the previous global mtDNA study of Bowen et al. (1992) as well female genetic structure and behavior.
Male green sea turtles may provide a conduit for gene as the scnDNA study of Karl et al. (1992) . Using these samples, we are able to compare estimates of population flow among populations. Some observational data indicate that males return to defined breeding sites or may subdivision and gene flow across three different molecular marker types. More specifically, this study is conaccompany females to nesting sites (Dizon and Balazs 1982; Limpus 1993) . Genetic information concerning cerned with the level of gene flow among nesting rookeries, the implications of male-mediated gene flow, and male-mediated gene flow was lacking until work by Karl et al. (1992) . Restriction fragment length polymorhow gene flow affects the global population subdivision of green sea turtles. phisms (RFLPs) in single-copy nuclear DNA (scnDNA) revealed population subdivision between ocean basins, but only weakly subdivided populations within basins.
MATERIALS AND METHODS
In general, geographically proximate populations were indistinguishable from each other and many of the al- Table 1 ). Samples biparentally inherited nuclear loci revealed migration were obtained from either a single hatchling or an egg from rates (Nm) consistently Ͼ1.0 and contrasting sharply a given nest. These samples include individuals that were prewith mtDNA estimates (Nm ϭ 0.0 in 31 of 43 compariviously analyzed (N ϭ 256) in Karl et al. (1992) , which insons; Bowen et al. 1992; Karl et al. 1992) . From this, cluded 226 individuals previously analyzed in Bowen et al. Karl et al. (1992) concluded that on a regional scale (1992) . In many cases, the number of samples collected was limited by United States import as well as country-specific there was a significant amount of male-mediated gene export permit restrictions (see Bowen et al. 1992) . Despite flow among maternally isolated populations. The same arguments for larger sample sizes, in 1994 officials at the pattern was seen also in subsequent studies of green sea National Marine Fisheries Sea Turtle Program determined turtles in Australia (Fitzsimmons et al. 1997a,b) , which that a sample size of 15 per location was sufficient for genetic demonstrated that the mixing was due to males and analyses (including microsatellite surveys; B. W. Bowen, per- females from different natal beaches mating during misonal communication). Certain countries (e.g., French Polynesia) levied additional size restrictions, making it impossible to gration events.
obtain numerically large sample sizes for some populations.
The difference in evolutionary rate for mtDNA vs.
Purified DNA used in previous studies was obtained by proscnDNA loci, however, may be another possible explanacedures outlined in Karl et al. (1992) and Bowen et al. (1992). tion for the lack of concordance of the scnDNA and Additional samples were obtained and DNA was extracted in mtDNA results. Given a fourfold smaller genetic effeca similar fashion from Lara Bay, Akamas Peninsula, Cyprus (N ϭ 16), Atol das Rocas, Brazil (4), Aves Island, Venezuela tive population size and a likely lack of mutation repair (35), Tortuguero, Costa Rica (26) , and Florida (2). mechanism, it is generally considered that mtDNA Molecular techniques: Four dinucleotide (CA) n microsatelevolves much faster than single-copy nuclear DNA lite loci (CM3, CM58, CM72, and CM84) previously found to (Brown et al. 1979) . It is possible, therefore, that the be variable in green turtles (Fitzsimmons et al. 1995) were different genetic patterns seen in mtDNA and scnDNA amplified from genomic DNA via the polymerase chain reaction (PCR; Mullis and Wiss 1987; Saiki et al. 1988) Table 1 . each primer. Thermal cycling consisted of 2 min denaturation X-ray film. Exposure time varied depending upon the radioisotope used (␣-32 P or ␣-33 P) and the strength of the emitting at 95Њ, followed by 30 cycles of 30 sec at 95Њ, 30 sec at 55Њ, and 45 sec at 72Њ. A final extension step of 7 min at 72Њ also radioactive signal as estimated with a standard laboratory Geiger counter. was performed. Following amplification, 2.5 l of the sample was added to 2.5 l of gel loading buffer (95% formamide, Locus CM72 was assessed for allele size homoplasy due to the high number of alleles observed. Twenty-five individuals 20 mm EDTA, 0.05% xylene cyanol, and 0.05% bromophenol blue), heated for 5 min at 95Њ, and loaded on 6% denaturing representing all geographic sampling regions were amplified, cloned, and the microsatellite locus was sequenced in both acrylamide gels. Gels were run at 75 W for ‫3ف‬ hr (time varied depending on the length of the target sequence). Allele sizes directions. Total cell DNA was amplified using the previously described parameters with the CM72 primers. The amplificawere established through comparison with a known DNA sequencing ladder run alongside the labeled PCR products. Gels tion product was T-A subcloned using pBSKϩ (Stratagene, La Jolla, CA) and DH5␣ competent cells (Life Technologies, were blotted onto filter paper, vacuum dried, and exposed to Sample size and location abbreviation are used throughout text.
Rockville, MD; Ausubel et al. 1994) . Individual clones of alleles of the observed distribution and a mean equal to the observed modal allele frequency. This gives the probability of observing corresponding to the original gel-determined genotypes (32 clones) were amplified using the aforementioned conditions by chance alone either empty cells (no alleles of that size observed) or an allele frequency equal to or greater than the with M13 primers. Prior to the sequencing reaction, the PCR product was purified by centrifugal filtration with Millipore observed. We considered the observed frequency significantly unlikely to be due to chance if the probability was Ͻ0.5%. (Bedford, MA) Ultrafree-MC (30,000 NMWL) filter units.
Since multimodality also can result from intraocean populaClones were sequenced with a DYEnamic E-T Terminator cycle tion subdivision, we analyzed the distributions both including sequencing kit (Amersham Pharmacia Biotech, Piscataway, and excluding populations with significant pairwise F ST values.
NJ) or a d-Rhodamine Terminator cycle sequencing reaction
Phylogenetic relationships: The phylogenetic relationships kit (PE Biosystems, Foster City, CA) following the manufacturamong green turtle populations were estimated using two er's protocol and run on a Perkin-Elmer (Norwalk, CT) autodistance measures (D or ␦
2
) and the neighbor-joining (Saimated ABI 310 sequencer. Sequences corresponding to tou and Nei 1987) tree-building algorithm implemented in unique alleles were deposited in GenBank under accession the program PHYLIP (Felsenstein 1989) . Bootstrapping nos. AY197706-AY197723.
(1000 replicates) was used to assess the significance of the Statistical analysis: Deviations from Hardy-Weinberg genonodes in the trees using the program MICROSAT (Minch type frequency equilibrium (HWE) were determined with an 1995). The data were analyzed with and without populations exact test using the program GENEPOP (Raymond and Rouswith sample sizes Ͻ15 individuals. Sequences of the flanking set 1995) and a Markov chain analysis to estimate significance regions of locus CM72 were aligned manually using (5000 dememorization steps, 500 batches, and 5000 iterations Sequencher Version 3.1.1 (Gene Codes, Ann Arbor, MI) and per batch). Population genetic subdivision was assessed using gaps were inserted to maximize sequence similarity. both unbiased estimates of F ST (Wright 1943; Weir and Cockerham 1984) and unbiased estimates of Slatkin's (1995) microsatellite-specific analog, R ST , using the computer programs FSTAT (Goudet 1995) and RSTCALC (Goodman RESULTS 1997), respectively. Chi-square values were used as significance estimators for F ST as outlined in Workman and Niswander Molecular markers: All loci were highly polymorphic, (1970) . Significance of multiple test comparisons was coralthough to differing degrees. CM3 had 27 alleles, CM58 rected using the sequential Bonferroni method and P ϭ 0.01 had 19 alleles, CM72 had 41 alleles, and CM84 had 42 (Rice 1989) , when appropriate.
alleles. In each ocean basin, all loci had from one (CM3)
R ST values were calculated according to Slatkin (1995) .
to three (CM72) common alleles and a larger number referred to as Pacific); however, not all alleles were found in both ocean basins. There were 9 (31.0%), 9 (34.6%), (Wright 1951 After removing these two populations, KS tests again
In the Atlantic, all loci indicated several alleles at frequencies different from those expected and these deviarejected normality. Since all distributions were significantly nonnormal, we then subjected them to the resamtions tended to be clustered as well. CM3, CM58, and CM84 all indicate an additional mode at larger allele pling test for deviations from unimodality. All loci in both oceans indicated at least some alleles at frequencies sizes whether or not Cyprus and Florida were included (Figure 2 , A, B, and D). CM72 strongly indicated two significantly different from those expected under unimodality (Figure 2 ). In the Pacific, most alleles at each different modes at alleles 234 and 274 ( Figure 2C ). This was true even if Cyprus and Florida were excluded from locus corresponded to expectations except there was some indication for multimodality at CM3 and CM72. the analysis and whether the mean of the standardized normal distribution was assumed to be 234 or 274. Both indicated a cluster of alleles that were seen more often than expected in a unimodal distribution (Figure Average heterozygosity across all populations and all loci was ‫.%57ف‬ The per locus heterozygosity varied ex-2, A and C). CM72 might have as many as three modes. tensively among populations as well as across loci within were present in only 6 of the 64 (9.4%) possible population-locus combinations. All of the F IS values associated populations (Table 2) . Heterozygosity ranged from a low of 0.333 for the CM72 locus in Polynesia to a high with these deviations were positive, indicating a heterozygote deficit when compared to expected values (data of 1.0, which also was the high in at least one population for all loci except CM58 ( Table 2 ). The highest observed not shown). Of the 96 dilocus-by-population comparisons (6 locus comparisons for each of 16 populations), heterozygosity recorded for CM58 was in the Galapagos Island rookery (87.5%). Mean heterozygosity per popuonly one, CM3-CM84 in Australia, showed significant linkage disequilibrium after sequential Bonferroni corlation ranged from 59.2% (Venezuela) to 85.7% (Quintana Roo). Although sample sizes varied considerrection at P Յ 0.05.
F ST values for all pairwise comparisons indicated a genably (N ϭ 3-49), heterozygosity appeared to be unrelated (Table 2 ; R 2 ϭ 0.0578). Deviations from HWE eral association among populations within ocean basins and divergence between them (Table 3) . F ST values among values also were greater than one, but generally less so (2.83-3.34). All microsatellite estimates of gene flow Atlantic populations ranged from 0.0087 to 0.0947, among Pacific populations from 0.0000 to 0.0676, and between were larger than those observed in previous molecular studies (Bowen et al. 1992; Karl et al. 1992) . In addition, ocean basins from 0.0181 to 0.1414. Of the 36 possible pairwise combinations among Atlantic populations, only genetic distances (␦ 2 ) were generally greater for between-ocean comparisons than for within-ocean com-13 exhibited F ST values that were significantly larger than zero (Table 3) Figure 3 ) resulted in roni correction is applied only two of the Atlantic and none of the Pacific population pairwise F ST values were similar topologies and were primarily consistent with the mtDNA relationships set forth by Bowen et al. (1992) significantly different from zero. In contrast, of the 63 interocean comparisons, 44 (70%) of the uncorrected regardless of whether samples with only a small number of individuals were included or excluded. There was a and 9 (14.3%) of the corrected values were significant (Table 3) . Pairwise estimates of population subdivision phylogenetic split between the Atlantic and Pacific Ocean populations in both analyses, with the exception using the R ST statistic produced similar results (Table 3) . Intraoceanic pairwise estimates of gene flow (Nm) using that Oman and Australia were placed with the Atlantic group in the ␦ 2 tree. The association between Australia either R ST or F ST were consistently larger than one and ranged from 2.55 to 9.03 (Table 3) . Interocean Nm and Oman was found also in the Karl et al. (1992) scnDNA study. As with the previous study, within-ocean tion and a C-to-T transition (position 223) were shared between two of the three Oman alleles. The third Oman basin associations were less pronounced than between-, and, in general, geographically proximate locations allele shared an A-to-G transition with a different-sized Galapagos allele at position 217. A single transversion clustered together albeit with only low to moderate bootstrap support for most nodes.
(position 233) united different microsatellite alleles from Africa, Suriname, and Ascension. Overall, a considAllelic homoplasy: To identify incidents of potential homoplasy in the microsatellite allele sizes, 32 alleles at erable amount of cryptic variation and homoplasy was found. In several cases, putatively identical microsatellocus CM72 were sequenced in both directions, resulting in ‫202ف‬ nucleotides of flanking region and a variable lite alleles (e.g., FLA 250 and JAP 250; Table 4 ) actually contained different numbers of simple sequence renumber of internal repeat units (depending on allele size). The microsatellite alleles were named to indicate peats but the alleles were identical in size due to compensatory flanking region deletions (nucleotides 124-the amplified fragment size and population of origin (e.g., FLA 250 is a 250-bp allele from a Florida individ-125 were deleted in FLA 250). They also contained substitutional differences within the flanking sequences. ual) and flanking sequence haplotypes were designated with letters. Overall, in the flanking sequences there
Other similarly sized microsatellite alleles also were clearly different when the flanking regions were considwere 21 variable sites resolving 18 haplotypes. Most of the variation (17 sites) observed was single-nucleotide ered (Table 4 ; JAP 230, BRA 230, and SUR 230). substitution, although a few small indels also were present (Table 4 ). The flanking sequences of 10 different-DISCUSSION size microsatellite alleles were identical and designated haplotype A (two alleles, AFR-280 and CSR-280, were
Microsatellite mutation: The generation of new microsatellite alleles is thought to be largely due to polyidentical in both sequence and size). This sequence was found in association with both Atlantic and Pacific merase slippage during replication (Tautz and Rentz 1984; Levinson and Gutman 1987; Stephan 1989 ; microsatellite alleles and one of the haplotype A microsatellite alleles (280) was found in both Africa and Vene Weber 1990; Caskey et al. 1992 ; Schlö tterer and Tautz Strand et al. 1993 ). Evolution at microsatelzuela. Six of the 21 Atlantic microsatellite alleles shared a two-nucleotide deletion at position 124-125 not found lite loci should then follow a stepwise mutation model (SMM) in which new alleles are formed by the gain or in the Pacific (Table 4) . Two of these (CSR 234 and BRA 240) had additional, unique mutations and one loss of a single repeat unit (Kimura and Ohta 1978; Shriver et al. 1993; Valdes et al. 1993) . Allele frequency (FLA 250) shared an A-to-G transition with an allele (BRA 230) without the deletion. A four-nucleotide deledistributions are therefore expected to be unimodal and symmetrical with alleles identical in state (IIS) but not (Estoup et al. 1995; Garza and Freimer 1996; Grimaldi and Crouau-Roy 1997; Orti et al. 1997) . necessarily identical by descent (IBD).
Alternatively, new alleles at microsatellite loci may be While the general population genetic analytical methods available to this study required an assumption of generated via unequal crossing over during recombination (Jeffreys et al. 1988; Jarne and Lagoda 1996) . either the SMM or the IAM models, some of our results suggest that the alternative two-phase model may be These loci would then evolve according to the infinite alleles model (IAM; Kimura and Ohta 1978) . A simulamore appropriate. Our per locus per ocean analyses indicate that, at least for CM72, allele frequency distribution study by Di Rienzo et al. (1994) , however, found that a two-phase mutation model (TPM) best fit the tions deviate significantly from unimodality with two and sometimes three different modes. At all loci, multiple microsatellite evolutionary process for several loci in humans. In the TPM, typically a new allele is generated alleles appear to be over-or underrepresented although these deviations are not always clustered as seen for by the gain or loss of a single repeat unit; however, infrequent, large changes in allele size also occur. The CM72 (Figure 2 ). In general, there is a much weaker indication of multimodality in the Pacific than in the resulting allele frequency distributions, therefore, tend to be asymmetrical and multimodal in nature. IdentiAtlantic. We believe, however, that this is not due to different evolutionary processes but more likely a result fying the correct mutational model is analytically important since the probability of scoring alleles IIS and not of the smaller sample size from the Pacific (N ϭ 90) relative to the Atlantic (247), resulting in a reduced IBD will affect the choice of approach and robustness of the results. Furthermore, size homoplasy due to inability to detect significant differences in allele frequencies. Alternatively, it is possible that the Pacific data are dels in flanking sequences mimicking changes in the microsatellite array itself increases the frequency of alrobust and that these loci are evolving under the SMM, but there is undetected population subdivision in the leles IIS but not IBD, thus further complicating analysis Atlantic and not in the Pacific, resulting in Atlantic allele frequencies and thus significant pairwise F ST values. In addition, it seems unlikely that the considerably multimodality. We do not, however, believe that this is likely. Both R ST and F ST estimates of microsatellite loci geographically smaller and younger Atlantic Ocean would be more subdivided than the Pacific. We cannot, indicate only very weak population subdivision within either ocean basin and do not appear to be different however, eliminate population subdivision as a contributing cause of multimodality observed in our data. Even in the Atlantic than in the Pacific (Table 3) . Only small or no differences in gene flow within ocean basins were so, our data indicate that these loci are not purely evolving under a simple SSM of mutation and it seems possinoted in two previous molecular studies (Bowen et al. 1992; Karl et al. 1992) . Although the mtDNA study by ble that at least some loci (e.g., CM72) may be following a two-phase mutational model. While establishing this Bowen et al. (1992) did detect within-ocean maternal lineage subdivision not seen in the scnDNA study, the unequivocally calls for additional investigation, our results do provide some empirical indication for the possidegree of gene flow within the Atlantic (Nm ϭ 0.3) was comparable to that seen within the Pacific (Nm ϭ 0.2).
bility of a general two-phase model of evolution at microsatellite loci and a general approach for detecting In addition, in the current analysis when populations that were demonstrated to be subdivided were excluded, multimodality in allele frequency distributions. Population genetic substructure: Five of 36 possible our results were unchanged. Furthermore, population subdivision strong enough to result in significant multiAtlantic population-locus combinations and one of the 28 Pacific combinations deviate from HWE (Table 2) . modality would also likely create significantly different All deviations are heterozygote deficits and may indicate phylogeographic connection in other species as well (Chow et al. 2000; Bowen et al. 2001; Lessios et al. local inbreeding. Alternatively, null alleles could result in heterozygote deficits. Data from the flanking regions 2001) . If even an occasional wayward turtle was able to escape the Indian Ocean around the southern tip of indicate that mutations to the flanking regions and homoplasy are indeed occurring. However, the magnitude Africa, it could account for this curious clustering in these analyses. While green sea turtles do not nest in and effect of these are difficult to estimate. Although we have no direct, independent indication of null alSouth Africa, all age classes of turtles are frequently found stranded along the Indian Ocean coast as far leles, they may nonetheless be affecting our analyses by reducing our ability to detect population subdivision.
south as the city of Cape Town (G. Hughes, personal communication). Furthermore, these strandings do not Regardless, we believe that the sporadic populationlocus HWE deviations observed here are artifactual and appear to be correlated with the nesting activity of turtles on nearby Indian Ocean Europa and Comores Isdo not indicate persuasive problems with this study.
In our analyses, we have used algorithms assuming an lands beaches, indicating that this is not a seasonal phenomenon associated with nesting. (Table 3 ) and are principally in agreemale turtle could round the tip of Africa and mate with an Atlantic female. This female would then return to ment with Karl et al. (1992) and Bowen et al. (1992) . Between-ocean basin subdivision is indicated also by her natal Atlantic beach to lay her eggs and carry with her nuclear DNA from the Indian-Pacific Ocean. As a larger number of significant pairwise differences in genetic distance observed between as opposed to within such, Indian-Pacific nuclear DNA and not mtDNA would leak into the Atlantic Ocean basin. Female green oceans (data not shown). Genetic distance estimates (Nei's D and Goldstein's ␦ 2 ) seem to be correlated turtles traversing the tip of Africa, while capable of mating, should attempt to return to their natal beaches to (r 2 ϭ 0.32; P ϭ 0.00) better than F ST and R ST estimates. Accordingly, there are generally only marginal differnest, thus maintaining the ocean basin-specific mtDNA pattern. Failed attempts to renavigate the tip of Africa ences in the tree topologies (Figure 3, A and B) . A neighbor-joining consensus bootstrapped tree of Nei's likely would result in a failure to find suitable nesting habitat. Bowen et al. (1989 Bowen et al. ( , 1992 and Meylan et al. D indicates a separation between the Atlantic and Pacific populations and within-ocean relationships tend to re-(1990) clearly have shown that social facilitation in choosing a nesting beach does not normally occur in flect geography ( Figure 3A) regardless of inclusion or exclusion of samples with small numbers of individuals.
green turtles and a naive Indo-Pacific female trapped in the Atlantic (or vice versa) is less likely to locate The ␦ 2 distance topology is consistent with Nei's D with the notable exception of an Australia and Oman clade suitable nesting sites. It is a real possibility, therefore, that Pacific-Atlantic association of marine turtles is far clustering just within the Atlantic. This apparent mixing between the Atlantic and Indian Oceans seems counterinfrom impossible to interpret, but reflects a real biological phenomenon. tuitive and has been considered, by some, "impossible to interpret" and indicating that "DNA analysis was fundaIn a scnDNA study, Karl et al. (1992) documented male-mediated gene flow among maternally distinct mentally useless in determining the real affinities. . ." (Pritchard 1999 (Pritchard , p. 1001 . Because of prevailing cold populations sampled globally. In particular, they highlighted the degree of mixing between nesting populawater conditions, the southern tip of Africa is commonly assumed to be an absolute barrier to mixing of Atlantic tions on Suriname and Ascension Island, which are distinct in mtDNA but share a feeding ground along the and Pacific tropical and subtropical species and even more so for the southern tip of South America. Thus, coast of Brazil. The estimated degree of nuclear gene flow between these two populations was relatively high Africa and South America provide geographic barriers to gene flow between the oceans. Nonetheless, both (Nm ϭ 5.0) compared to mtDNA (Nm ϭ 0.0). We estimate levels of gene flow between these populations, here and in Karl et al. (1992) there is a curious clustering of Indian-Pacific and eastern Atlantic populations. using microsatellite data, to be 3.9 (with R ST ) to 9.3 (with F ST ). A limitation of the previous scnDNA study This, however, may not be unreasonable given the connection between the southwestern-flowing Indian Ocean was that the level of variation found in the nuclear DNA was fairly low and may have resulted in overestimates Agulhas and the northern-flowing South Atlantic Benguela currents near the tip of Africa (Gordon 1985; Lutof gene flow due to lack of variation or retention of ancestral polymorphisms. With 7-27 alleles at each locus jeharms and Gordon 1987). A growing number of studies have documented an Indian and East Atlantic in these populations (Table 2 ) and high mutation rates generally assigned to microsatellite loci, lack of variation creasing in divergence as new alleles mutate to existing alleles in the population. This type of homoplasy is or de novo evolution clearly is not a factor in this study. In addition, identical deletions in the flanking regions similar to saturation in gene sequences and could similarly be accounted for except that we lack an appropriate of the CM72 locus were found in both populations (Table 4). Considering all the data, male-mediated gene mutational model upon which to base the necessary corrections. Bowen et al. (1992) estimated that the Atflow is clearly occurring between these populations and likely others as well. This does not suggest, however, lantic and Pacific populations have been separated for at least 1.5-3.0 million years, and it seems reasonable that males do not demonstrate natal site fidelity, but merely that green turtle nesting beaches are genetically that size homoplasy may account for some of the reduction in the magnitude of population subdivision seen isolated maternally but not paternally. As indicated in Fitzsimmons et al. (1997a) , males may exhibit natal in microsatellite loci as compared to scnDNA. A second explanation for the relatively low microsatelhoming but still mate with females from other nesting beaches as females and males migrate through nonnatal lite F ST values is that it is simply an inappropriate statistic with which to estimate population subdivision using miareas.
Comparison among molecular markers: Forces such crosatellites due to the large number of alleles generally found at these loci (Hedrick 1999). In essence, a high as migration, mutation, and genetic drift may affect different types of genetic markers in distinctly different level of within-population heterozygosity overshadows differences between populations, resulting in an underways. The ability to detect a consistent signal across different markers depends on marker-specific factors such as estimation of subdivision (Wright 1978) . It is also possible that the lower population subdivision detected by the degree of homoplasy and mutational mechanisms and rates (Mariette et al. 2001) . Here, we can compare microsatellites is a result of a relatively recent burst of male-mediated gene flow between the ocean basins. This, the inferred degree of global population genetic subdivision in the same set of green sea turtle samples for however, is the most difficult possibility to fully support. To our knowledge, no tracking studies able to detect three different molecular markers. Overall, these studies are remarkably consistent with each other and the movement between ocean basins have been done. Nonetheless, the results presented here may provide some known biology and biogeography of the green sea turtle. All show a split between oceanic groups and (where motivation to attempt such studies. Although simply documenting the movement of individuals between oceans appropriate) comparable estimates of male-mediated gene flow (Table 3) . Because of a faster rate of evolution, does not necessarily equate with gene flow, it would at least bolster the possibility. As microsatellite loci can detect it was expected that microsatellites might detect population subdivision not indicated in the scnDNA study early stages of population divergence, they also can detect initial stages or low levels of admixture (Lougheed et al. (Karl et al. 1992) Finally, it is possible that a bias such as disruptive selection may occur in the scnDNA estimates in Karl et The most likely possibility is that the rate of mutation at microsatellite loci is too high relative to the length al. (1992) , causing an overestimation of the population subdivision. We believe that this is unlikely. The reasons of time separating the populations and results in homoplasy. Unless sequenced, microsatellite alleles represent for this are thoroughly discussed in Karl et al. (1992) and essentially rely on the likely neutrality of these marka hidden amalgam of various alleles. Orti et al. (1997) report data that suggest that microsatellite allele sizeers. In any case, this comparison underscores the need for assessment of multiple genetic markers when estibased analysis of population structure proves inconsistent and inaccurate due to flanking sequence indels mating the degree of population subdivision of natural populations. By using nuclear markers, sex-specific mixresulting in size homoplasy. Here, we addressed this concern by sequencing 5% of the alleles at the most ing was detected. By using both quickly and slowly evolving nuclear markers, population connectivity over a variable locus in this study, CM72. Deletions were definitely present; however, they were not common and are broader time span was assessed. Overall, this study supports and advances previous unlikely to result in the large differences in inferred subdivision (Table 4) . However, more important is a research on male-mediated gene flow in green sea turtles. Intraoceanic populations are clearly connected by second type of homoplasy that is harder to detect. If repeats are being inserted and deleted at such a rate gene flow principally through males. The putatively surprising connection between the Indian and Atlantic that alleles IIS are likely not IBD, then subdivided populations would follow a progression of being genetically Oceans is once again found and likely represents a real, biological phenomenon. However, further studies (e.g., identical immediately after separation, increasing in divergence by accumulation of new alleles, and then desatellite tagging near South Africa) are needed to better
